Objectives-The aim of this study was to assess the effectiveness of sonography for diagnosing sialolithiasis in comparison with the existing reference standard of direct identification of a stone.
S
ialolithiasis is defined as the presence of concrements in the efferent ducts of the salivary glands and is the most frequent cause of obstructive sialadenopathy.
1,2 Just more than half of patients have the classic symptoms of periprandial swelling with spasmodic pain. 2 Recurrent swelling or pain as the sole symptom is reported in fewer than 5% of cases. 2 Around one-third of the stones are smaller than 4 mm, 3 and these are often not effectively palpable. Imaging procedures are therefore usually indicated.
As a noninvasive dynamic procedure that can be repeated as often as needed and does not involve any radiation exposure, sonography is becoming increasingly important. 1, 4 Salivary stones on sonography appear as hyperechoic reflexes with distal signal loss. Congestion of the efferent salivary duct can be regarded as an indirect sign that a stone is present. False-negative findings may be caused by a low level of stone mineralization or by overlying bone structures, with complete signal loss. False-positive findings arise through misinterpretation of intraductal or extraductal reflexes not caused by stones (eg, in cicatricial ductal stenosis of the large salivary glands). The latter is also the most important differential diagnosis when there is unclear ductal dilatation. The literature data on the diagnostic value of sonography are highly variable, with sensitivity ranging from 77% to 94% and specificity values of 80% to 100% for sialolithiasis. [5] [6] [7] [8] [9] Internationally, however, particularly in the AngloAmerican countries, radiographic methods, such as computed tomography (CT) and sialography, are the standard procedures used. Due to their low sensitivity and specificity, plain conventional radiographic examinations nowadays play no significant role. 10 Digital subtraction sialography has sensitivity of 96% to 100% and specificity of around 90%, but it is an elaborate procedure that involves radiation exposure and injection of a contrast medium. 11 Cone beam CT has shown both sensitivity and specificity values of greater than 98.85% and is, therefore, being proposed as the current reference standard. 12, 13 Since the duct is not imaged in the process, however, this procedure also does not allow definite assignment of a calcification to the efferent duct. Simultaneous sialography can improve the sensitivity, specificity, and spatial correlation of the findings, however.
14 Magnetic resonance sialography makes it possible, without cannulating the duct, to image small sialoliths as far as the third-level ducts with sensitivity and specificity of about 90%. Due to the complexity of the procedure and the associated costs, however, magnetic resonance imaging (MRI) has not yet entered routine clinical work. 15, 16 
Materials and Methods
This retrospective study was conducted at the Department of Otorhinolaryngology and Head and Neck Surgery of the University of Erlangen-Nuremberg. Approval for the study was obtained from the local Institutional Review Board, and informed consent was obtained from all study participants.
All patients who presented with a suspected diagnosis of obstructive sialopathy between January 1, 2013, and June 30, 2015, were evaluated. A total of 813 patient files were examined retrospectively. To avoid bias, all 175 patients (21.5%) who had undergone previous treatment were excluded. The remaining 638 patients, representing a total of 659 glands, were included in the study.
Every patient was examined by at least 2 ear-nose-throat specialists with several years of experience in sonography and in the treatment of salivary gland diseases. Photo and video documentation was performed in every case to determine the diagnosis. The video documentation was very helpful, as it allowed a retrospective analysis of every case without the presence of the patient and helped minimize the examiner dependency and interobserver variability of sonography. Criteria for the suspected diagnosis of obstructive sialopathy were periprandial swelling of the salivary glands, recurrent unclear pain in the area of the salivary glands with palpable induration, enlargement of a large salivary gland, and recurrent bacterial sialadenitis. All patients underwent a sonographic examination of the submandibular gland and parotid gland. The examination was performed with high-end ultrasound devices (Acuson S2000 and S3000; Siemens Medical Solutions USA, Inc, Malvern, PA). Findings involving ductal obstruction were enhanced by stimulation of glandular secretion with oral administration of vitamin C. 17 Hyperechoic reflexes with distal signal loss along the course of the duct were evaluated as signs of sialolithiasis. The size of the fragments was recorded as their maximum diameter on sonography. The stones were classified according to their location as intraparenchymal stones, proximal/hilar stones, stones in the middle third, and stones in the distal ductal system, including the papillary region. Replicable sonoanatomic landmarks were used as the basis for this classification. The distal ductal system in the submandibular gland extended as far as the main mass of the sublingual gland; the middle third extended from the end of the sublingual gland to approximately 1 cm in front of the posterior edge of the mylohyoid muscle; and the proximal or perihilar part of the Wharton duct extended from approximately 1 cm anterior to 1 cm posterior to the posterior edge of the mylohyoid muscle. Stones located further proximally were classified as intraparenchymal stones.
In the parotid gland, the distal part of the Stensen duct extended from the papilla to the anterior edge of the masseter muscle; the middle third of the duct extended as far as the middle of the masseter muscle; and the proximal/perihilar part was defined as extending from the middle of the masseter muscle to 1 cm posterior to the posterior edge of the muscle. Stones located further proximally were classified as intraparenchymal stones.
All patients with a suspicion of obstructive sialopathy, with or without sonographic suspicion of sialolithiasis, underwent salivary duct endoscopy to confirm the diagnosis and plan or perform treatment. The treatment consisted of interventional salivary duct endoscopy, transoral ductal incision, extracorporeal shock wave lithotripsy (ESWL), or a combination of these.
The reference standard that was used in comparison with sonography to diagnose sialolithiasis was direct visualization of the stone during sialoendoscopy. If the latter was not performed initially, physical evidence of the stone after transoral ductal surgery or after combined endoscopic-transcutaneous surgery was used as the reference standard. With intraparenchymal stones that could not initially be visualized on sialoendoscopy, sonographic signs of stone fragmentation after ESWL or after passage of stone fragments in the saliva and evidence of concrements on sialoendoscopy after ESWL were used as the reference standards.
The sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) were calculated.
Results
The mean age of the 638 patients included in the study was 47.2 years; 320 (50.2%) were women, and 318 (49.8%) were men. A total of 659 glands in the 638 patients were investigated retrospectively; 486 (73.7%) of these were submandibular glands, and 173 (26.3%) were parotid glands (Tables 1-3) . Sonography raised the suspicion of sialolithiasis in 517 of the 659 glands (78.5%; 427 submandibular glands and 90 parotid glands). According to our reference standard of direct physical stone identification, sialolithiasis was diagnosed in 543 of the 659 glands (82.4%; 448 submandibular glands and 95 parotid glands).
The comparison with the reference standard identified 29 false-negative findings (4.7% for submandibular glands and 3.5% for parotid glands) and 3 false-positive findings (0.4% for the submandibular glands and 0.6% for parotid glands) on sonography (Tables 1-3 ). The overall (submandibular gland and parotid gland) sensitivity of sonography was 94.7%, with specificity of 97.4%, a PPV of 99.4%, and an NPV of 79.6% (Table 1) .
Analysis of the results for the parotid gland showed sensitivity of 93.7%, specificity of 98.7%, a PPV of 98.9%, and an NPV of 92.8% ( Table 2 ). Analysis of the results for the submandibular gland showed sensitivity of 94.9%, specificity of 94.7%, a PPV of 99.5%, and an NPV of 61.0% (Table 3) .
Most of the stones in the submandibular gland (n 5 448) were in the area of the proximal/perihilar part of the duct (60.0%), followed by the distal part (20.8%), middle part (7.1%), and intraparenchymal part (3.8%). Multiple or multilocular sialolithiasis was present in 8.3% of the glands (Table 4) .
Among the stones in the submandibular gland that were only discovered on sialoendoscopy (false-negative results), 60.8% were located in the distal part near the papilla of the efferent duct (Table 4) . These were usually small stones (see below). An analysis of the above distribution in Table 4 showed that 15.1% of the stones (14 of 93) in the distal part of the Wharton duct escaped detection on sonography. In the area of the middle third, 12.5% of the stones (4 of 32) were not identified on sonography. In the proximal part of the Wharton duct, only 1.1% (3 of 269) were not detectable on sonography. In cases of a multiple/multilocular sialolithiasis, stones were not detected in 5.4% of the patients (2 of 37). Stones in an intraparenchymal location were always detected on sonography. Most of the stones in the parotid gland (n 5 95) were located in the distal part of the duct (37.9%), followed by proximal/perihilar stones (27.4%), stones in the middle third (18.9%), and intraparenchymal stones (9.5%; Table 4 ). False-negative results on sonography were mainly obtained in the distal parts of the Stensen duct. These were usually also very small stones (see below). Distally located stones in the parotid gland escaped sonographic detection in 8.1% of cases (3 of 37). Stones in the middle third of the Stensen duct were not detected by sonography in 5.6% of cases (1 of 18), and proximally located stones were not detected in 7.7% of cases (2 of 26). Intraparenchymal stones and cases with several concrements were detectable on sonography in all cases.
The stones diagnosed by sonography were 2 to 37 mm in size. The stones that were not seen on sonography but were then detected on subsequent sialoendoscopy had a mean size 6 SD of 2.2 6 0.48 mm (median, 2 mm; range, 1.5-3 mm) for the submandibular gland and a mean size of 2.8 6 0.75 mm (median, 3 mm; range, 2.0-4.0 mm) for the parotid gland. Most of the false-negative results (93.1% [27 of 29]) showed ductal stenosis as a sign of obstructive sialopathy. Sialolithiasis was diagnosed on sialoendoscopy despite an absence of concrements on sonography and no congestion of the efferent duct in only 2 glands. This finding means that in the absence of the combined sonographic criteria of a hyperechoic reflex and congestion of the efferent duct, the probability of sialolithiasis was only around 0.3% in patients with symptoms of obstructive sialopathy.
Discussion
Our results showed sensitivity of sonography for the diagnosis of sialolithiasis of 94.7% (93.7% for the parotid gland and 94.9% for the submandibular gland), specificity of 97.4% (98.7% for the parotid gland and 94.7% for the submandibular gland), a PPV of 99.4% (98.9% for the parotid gland and 99.5% for the submandibular gland) and an NPV of 79.6% (92.8% for the parotid gland and 61.0% for the submandibular gland). The sensitivity, specificity, PPV, and NPV are expressed relative to direct identification of a stone using subsequent diagnostic or therapeutic procedures (sialoendoscopy, transoral ductal surgery, or ESWL). These procedures made definitive assessment of all falsepositive and false-negative findings possible.
Competing hyperechoic reflexes along the course of bones (eg, the hyoid bone or styloid process), in the insertion area of muscles (eg, masseter muscle or muscles of the floor of the mouth), ductal stenoses, or air in the ductal system (eg, in pneumoparotitis) or at the impedance boundary of the mucosa may all lead to false-positive results on sonography. In this study, 2 false-positive findings were diagnosed on sonography of the submandibular gland. In one of the patients, the false-positive finding was caused by an intratendinous calcification of a tendon of the mylohyoid muscle in the insertion area on the mandible (Figure 1 ). In the other patient, cicatricial stenosis of the Wharton duct showed a reflex resembling a stone, although with only weak distal signal loss. Only 1 false-positive finding occurred on sonography of the parotid gland; in this patient, trapped air was incorrectly evaluated as sialolithiasis in the Stensen duct (Figure 2) .
False-negative results in the submandibular gland were most often caused by mandibular signal loss, which often prevents imaging of prepapillary or papillary stones. Small stones and those causing weak signal loss (eg, due to weak mineralization, particularly in the parotid gland) are also often not clearly distinguishable from competing hyperechoic reflexes (eg, muscle tendons and phleboliths). In general, the change in impedance in the area of the mucosa-air boundary makes clear diagnosis more difficult. Apart from distal stone locations, the most important cause was the small size of the stones, with a mean of only 2.2 mm for the submandibular gland and 2.8 mm for the parotid gland (Figures 3 and 4) . The slightly larger size of the undetected stones of the parotid gland was probably due to the well-known lower degree of mineralization found in the stones of this gland, making them harder to detect on sonography. 18, 19 Ductal congestion was present as a sign of ductal obstruction in 93.1% of the false-negative findings, however. Our results show that the sensitivity and specificity of sonography for diagnosing sialolithiasis in the submandibular gland decline considerably from proximal to distal. The false-negative findings in our study mainly involved distal stones (15.1% of the distal stones of the submandibular gland and 8.3% of the distal stones of the parotid gland). These findings were due to the fact that small concrements behind the papilla are often masked Figure 1 . False-positive findings (submandibular gland). A, Hyperechoic reflex (arrow) with distal signal loss in the anterior floor of the mouth, 3.7 mm in size, which was suspicious for a stone. Sialoendoscopy and ductal incision did not reveal any stone. B, Directly underneath the Wharton duct, a calcification was found at the insertion of the genioglossus muscle, which was excised. Histologically, the lesion was found to consist of skeletal muscle with tendinous portions and heterotopic intratendinous ossification. DM indicates digastric muscle; GH, geniohyoid muscle; MH, mylohyoid muscle; and SMG, submandibular gland. A, On sonography, the parenchyma appeared normal, but a weak hyperechoic reflex with slight distal signal loss was seen in the distal ductal system (7.2 mm; dotted line). B and C, On sialoendoscopy, no signs of ductal obstruction were found apart from air bubbles, and a diagnosis of pneumoparotitis was therefore established. M indicates mandible; and MM, masseter muscle.
by the acoustic shadow of the mandible. Concerning the imaging tools, transoral sonography may be adequate to fill this diagnostic gap. Cho et al 20 reported on a patient with a single episode of periprandial swelling in the submandibular region in which manual palpation and transcutaneous sonography did not show any abnormalities, but 3 concrements in intraductal locations were recognizable after application of transoral sonography. 20 The false-negative findings for concrements in the proximal parts of the efferent ducts were much lower in the submandibular gland (1.1%) and slightly lower in the parotid gland (7.7%), with all stones in intraparenchymal locations being correctly recognized on sonography, however.
Both the false-positive findings (submandibular gland, 0.4%; parotid gland, 0.6%) and the false-negative findings (submandibular gland, 4.7%; parotid gland, 3.5%) were low for the 2 large salivary glands, with only marginal differences between them. In the differential diagnosis, all of the different intraductal and extraductal pathologic changes or anatomic variations discussed above need to be taken into account when a hyperechoic reflex is found in the vicinity of the expected course of the efferent duct of the salivary gland, particularly with regard to the differentiation of intraductal and extraductal changes other than sialolithiasis, such as phleboliths or vascular malformations (with calcifications), and intraparenchymal calcifications such as calcified lymph nodes (eg, in tuberculosis). 18 Around 80% of salivary stones are located in the in the submandibular gland, whereas 75% of ductal stenoses are located in the parotid gland. 21, 22 The proportion of obstructions not caused by stones in the total of obstructive sialopathies is larger in the parotid gland than in the submandibular gland. This factor also explains the greater frequency of true-negative findings on sonography in the parotid gland (44.5%) in comparison with the submandibular gland (7.5%) and, consequently, the much higher NPV in the parotid gland (Tables 2 and 3) .
Overall, our results confirm the value of sonography as a safe and effective method for diagnosing sialolithiasis. Terraz et al 9 noted sensitivity, specificity, accuracy, PPV, and NPV rates of 77%, 95%, 85%, 94%, and 78%, respectively, in a total of 82 patients. The sonographic results were compared with direct identification of stones (eg, with sialoendoscopy) in 66% of these 82 patients but with digital sialography alone in 34%. Digital sialography was treated as equivalent to direct identification of stones as a reference value. In consistency with the results of this study, the authors emphasized that the size of the stones was decisive for the false-negative rate, with significantly higher sensitivity for stones starting from 3 mm in size. 9 Schwarz et al 8 conducted a retrospective study of 43 patients to compare sonography, cone beam CT, and sialoendoscopy as diagnostic procedures. The study showed that sonography had sensitivity of 73%, specificity of 90%, a PPV of 96%, and an NPV of 47%. It also found that distally located concrements smaller than 3 mm could not be identified with certainty on sonography in nearly half of the cases (5 of 11) . Interestingly, the authors also found that cone beam CT did not provide significantly better imaging of these concrements, which had a false-negative rate of 36.4% (4 of 11). Furthermore, there was no distinction made between the submandibular and parotid glands. 8 In a case series including 24 patients, J€ ager et al 7 reported both sensitivity and specificity rates of 80% for diagnosing sialolithiasis in the submandibular gland using sonography in comparison with sialography. Sialoendoscopy was used as the reference standard relative to sonography in this study. Koch et al 22 investigated 103 patients who presented with unclear chronic swelling in the large salivary glands and in whom a clear diagnosis had not been obtained either by other radiographic methods or by sonography. On sialoendoscopy, 20.3% of the patients (18.9% for the submandibular gland and 22% for the parotid gland) were found to have stones with a mean size of 3.85 mm (range, 2.5-5.0 mm). It was notable that these stones were often soft and poorly mineralized. 22 Vashishta and Gillespie 23 also evaluated a total of 51 patients in whom the diagnosis had remained unclear after various radiographic procedures; 8% of the stones were only identified on sialoendoscopy. Among the 51 patients, 61% had undergone cervical sonography, 31% CT, 4% MRI, and 4% sialography. The report did not precisely describe which examinations exactly had been previously performed in the 8% of cases that had false-negative findings.
Various CT procedures are currently regarded as reference methods for the diagnosis of sialolithiasis in the international literature. In a study including 29 patients, Dreiseidler et al 12 investigated the sensitivity and specificity of cone beam CT for diagnosing sialolithiasis, with values of 98.85% for each. The method was recommended by the authors on the grounds of the high ratio of diagnostic information to the radiation dosage, examiner independence, and reproducibility. Kiringoda et al 24 examined 112 patients and compared the results of sialoendoscopy of the parotid gland with preoperative CT or MRI findings. It was reported that the NPV for MRI and CT relative to the diagnosis of stones was 100%. Kroll et al 25 reported on the added diagnostic value of a combination of cone beam CT with sialography of the large salivary glands. In 12 patients with recurrent swelling and normal sonographic and sialoendoscopic findings, cone beam CT with contrast agent injection into the efferent duct of the gland was performed. Sialolithiasis was diagnosed in 2 of the patients, demonstrating additional value of cone beam CT with sialography in cases of unclear recurrent swelling of the salivary glands. 25 Abdel-Wahed et al 26 also concluded that cone beam CT in combination with sialography was clearly superior to conventional sialography alone. Eight patients underwent both examinations. Only 83% of the findings that were visualized on cone beam CT with sialography (stones, stenoses, and space-occupying lesions) were also seen on conventional sialography. 26 It is sometimes difficult to distinguish between intraductal and extraductal findings. Using MRI or CT without characterization of the ductal system, it is not always possible to assess whether a hyperdensity or calcification is located inside or outside the ductal lumen with certainty. Magnetic resonance sialography and CT in combination with sialography, by contrast, are methods that are capable of differentiating between intraductal and extraductal calcifications with a high level of probability. J€ ager et al 8 showed that MR sialography was at least as effective as conventional sialography. A total of 24 patients were examined in that study, and sensitivity and specificity rates of 100% and 80%, respectively, were noted for MR sialography. The authors drew attention to an additional disadvantage of MR examinations: movement artifacts and the presence of dental prostheses may have a strong influence on the results. 8 The same also applies to CT examinations. On CT with simultaneous sialography, cannulation of the duct may also lead to false-positive findings as a result of air trapping.
In conclusion, our results suggest that sonography appears to be highly suitable as the method of choice for diagnosis and treatment planning in patients with sialolithiasis. The sensitivity of 94.7% and specificity of 97.4% for sonography in the patients included in this study were quite comparable with the rates achieved by the established radiologic methods. The absence of radiation exposure, reduced effort and costs, and additional rapid, comprehensive acquisition of clinical information are increasingly leading to the acceptance of sonography as the method of choice. The option for video storage with modern devices can also make a substantial contribution to reducing the often-criticized examiner dependency of the method.
